In the research field of functional materials, electrospinning has become one of the most effective methods to produce nanofiber. The traditional electrospinning method often uses a hollow metal needle to prepare nanofiber with minimal throughput. In this paper, we used needleless electrospinning technology to produce high-throughput nanofiber by using a metal dish as the spinneret. A finite element method has been adopted to investigate electric potential and electric field strength of the spinneret under different applied voltages and collection distance. The effects of different process parameters, including solution concentration, applied voltage and collection distance, on the throughput and diameter of nanofiber have been investigated in the experiment. Narrow distribution nanofiber can be prepared successfully. This novel method of using a metal dish as the spinneret will make a contribution to the development of needleless electrospinning for the production of high-throughput nanofiber.
In recent years, electrospinning technology has become a popular method to produce nanofiber. Nanofiber has wide applications in many areas, such as material filters of air and liquid, 1,2 tissue engineering materials for scaffolds, [3] [4] [5] functional materials, 6, 7 biomaterials, [8] [9] [10] wound dressing 11, 12 and sensors. 13 However, the productivity of the conventional single needle spinneret has limited the further development of electrospinning.
Based on the above facts, more and more researchers have begun to pay attention to the production of highthroughput nanofiber by the technology of needleless electrospinning. [14] [15] [16] [17] [18] [19] The principle of high-throughput nanofiber is to form multiple jets from the special spinneret. Back in 2004, Yarin and Zussman 20 proposed a new approach to electrospinning of polymer nanofiber, which adopted a two-layer under normal electric field to induce the perturbations of the free surface to produce multiple jets. After that, all kinds of needleless electrospinning spinnerets were extensively studied. Wang et al. 21, 22 investigated a novel needleless electrospinning by using a conical metal wire-coil as the spinneret. Niu et al. 23 reported a disc as the spinneret to prepare nanofiber compared with a metal cylinder. Holopainen et al. 24 presented a needleless electrospinning setup, named needleless twisted wire electrospinning, to produce nanofiber. There are also other special needleless electrospinning spinnerets in other research groups, which included a rotary cone, 25 multiple ring, 26 circular rotary bead wire, 27 metal plate, 28 splashing spinneret, 29 metal cylinder 30 and metal bowel edge. 31 The effects of the spinneret shape and dimension on the needleless electrospinning process and nanofiber fineness have also been investigated in detail in research work.
The process of needleless electrospinning is extremely convenient for us to produce high-throughput nanofiber. Nevertheless, achieving narrow diameter distribution of nanofiber while producing high-throughput nanofiber by needleless electrospinning is a significant research subject at present, because the diameter distribution of nanofiber has an important influence on the usage of nanofiber products. Although many needleless electrospinning spinnerets can produce high-throughput nanofiber, problems remain in the wide diameter distribution of nanofiber. With the increase in the applied voltage from 45 to 50 kV, the average fiber diameter decreased from 327 AE 123 to 275 AE 113 nm by using polyvinyl alcohol as the solution. 21 The average diameters of nanofiber were 397 AE 76, 567 AE 77 and 1097 AE 250 nm for electrospinning from 10, 12.5 and 15 wt% polyvinylpyrrolidone/ethanol solutions, respectively. 24 When electrospinning throughput was 5.0 g/min and the diameter of the fibers varied from 180 to 500 nm. 25 The average diameter of nanofiber was above 250 nm and had wide diameter distribution simultaneously. 26, 28, 31 The reason for narrow diameter distribution of nanofiber is attributed to the electric field strength of the spinneret, which is related to shape of the spinneret.
In this study, we used needleless electrospinning technology to produce high-throughput nanofiber by using a metal dish as the spinneret and found there were obviously narrow diameter distribution and high-throughput of nanofiber compared with the above research works. The electric field strength of the metal dish spinneret is symmetric distribution in three-dimensional space, which is the main reason for narrow diameter distribution of nanofiber. Electric potential and electric field strength of the spinneret have been simulated by ANSYS Maxwell software with varying high applied voltages and collection distances. The effects of different process parameters, which include solution concentration, applied voltage and collection distance, on the throughput and diameter of nanofiber have been investigated. This spinneret has an enormous potential for industrial production of high-quality ultra-fine nanofiber in the field of needleless electrospinning technology.
Experimental details Materials
Polyacrylonitrile (PAN, with a molecular weight of 75,000 g/mol), purchased from Shanghai Chemical Fibers Institute, was used as the model polymer. N, N-dimethylformamide (DMF), purchased from Shanghai Lingfeng Chemical Reagent Co. Ltd, was us as a solvent. The PAN powder was dried at 100 C in vacuum for 2 h. PAN was dissolved in DMF with different solution concentrations of 8, 10, 12 and 14 wt%, respectively. The obtained solutions were stirred magnetically at 80 C for a sufficient period of time until they became homogeneous solutions. 67 mm, the height is 16 mm and the incline angle is 60 on the edge of spinneret. The length, width and height of the computational domains are 700, 110 and 900 mm, respectively. Aluminum is used to as the material of the collector. The radius and thickness of the collector are 254.7 and 1 mm, respectively. A rotating metal drum with the speed of 70 r/min was used to collect nanofiber. The jet image of metal dish needleless electrospinning from a digital camera is shown in Figure 1 (b).
Needleless electrospinning setup

Characterizations and measurements
The nanofiber morphologies were characterized with a scanning electron microscope (SEM, Quanta-250, FEI). The diameter of nanofiber was calculated from the SEM images using analysis software (Adobe Photoshop CS3). A digital camera (Cannon, 650D) was employed to record the movement of multiple jets in the needleless electrospinning. Over 100 counts of nanofiber were taken for each measurement from different places in the sample. The productivity of nanofiber was measured based on the certain spinning time of 60 min. The electric potential and electric field of the spinneret were simulated with the aid of a finite element method called ANSYS Maxwell. The finite element method is a numerical simulation technique for finding approximate solutions of partial differential equations, which is applicable to a wide range of physical and engineering problems. 32 Commercial software is used to present the simulation results, which can give us more information about potential and electric field strength; it is important for us to observe the electric field profile and to understand the effect of the physical geometry model on electric field strength. The physical model of the needleless electrospinning apparatus was established according to the practice dimensions. The spinneret could set up different high voltage numbers based on practical situations. The collector of the rotating metal drum was set up with zero potential. The other domain of electrospinning was set as a vacuum area. The meshing and solving were achieved automatically by software. The results could obtain the electric potential and electric field strength.
Results and discussion
Analysis of electric field strength and electric potential profile Electric force plays a significant role in jet formation in the process of electrospinning. Generally speaking, we often use the electric field strength value to reflect electric force. However, it is difficult for us to measure true values of electric field strength in experiments. The result of simulation software can conveniently give us the values and distribution of electric field strength. Figure 3 
In the process of electrospinning, the collection distance has a significant influence on the distribution of electric field strength. Figure 3(b) shows that electric field strength varies along the diameter distance of the spinneret under the condition of different collection distances. It is obvious that electric field strength has the highest value at the edge of the metal dish spinneret. We found that corona discharge occurs easily when the collection distance is too small, while a larger collection distance leads to lower productivity of nanofiber. Therefore, three different collection distances of 15, 17.5 and 20 cm were chosen to investigate the electric field strength; the result shows that there is the highest value of electric field strength when collection distance is 17.5 cm, which can be attributed to the structure of the metal spinneret and the three-dimensional distribution of electric field strength.
Effect of solution concentration on morphology, diameter and productivity
The concentration of polymer solution is one of important factors in the process of electrospinning. The process parameters of electrospinning are applied voltage of 65 kV and collection distance of 17.5 cm. Figures 4(a)-(d) show the effect of different solution concentration on the morphology of nanofiber. It is easy to form bead-shaped nanofiber when the solution concentration is 8 wt%. This is because a lower solution concentration leads to a lower solution viscosity, which is easy form into bead fiber. The normal nanofiber can be processed under the condition of solution concentration from 10 to 14 wt%. It is to be observed that the difference in diameter is very apparent when the solution concentration is 14 wt%, which can be attributed to higher viscosity; this can lead to a lesser effect of electric tensile force on the formation of the fiber molecular chain, and it is easy to generate the obvious difference of coarse and fine nanofiber.
The effect of solution concentration on productivity and the diameter distribution of nanofiber can be seen in Figure 4 (e). It is obvious that the productivity and diameter nanofiber increases when the solution concentration increases from 8 to 14 wt%. The highest productivity of nanofiber can reach 3.99 g/h when the solution concentration is 14 wt%, which is more than 40 times more than traditional single needle electrospinning (about 0.1 g/h). 33 The diameter of nanofiber can be used to evaluate the quality and diameter range of nanofiber. The average diameter of nanofiber is between 130 and 240 nm with solution concentration increases, which suggests that we can process slender nanofiber by using the metal dish spinneret. In addition, we also find that the diameter distribution of nanofiber is relatively narrow compared with other research references. 21, 24 The standard deviation of average diameter is only about between 30 and 34 by this spinneret. The narrow distribution of diameter is important for us to prepare filter material, which will have better filtration efficiency.
Effect of applied voltage on morphology, diameter and productivity
The effect of different applied voltages from 50 to 75 kV on the morphology of nanofiber can be seen in Figures 5(a)-(f) . The process parameters of electrospinning are solution concentration of 10 wt% and collection distance of 17.5 cm. From SEM images of nanofiber, when the applied voltage is 50 kV, beadshaped nanofiber can be formed; this is because the insufficient stretching of the jet leads to solution aggregation under lower applied voltage. Better nanofiber can be prepared from applied voltages between 55 and 75 kV. The effects of applied voltage on productivity and diameter are shown in Figure 6 (a). The productivity of nanofiber has an increasing trend with applied voltage increases, which is from 0.46 to 3.66 g/h with applied voltage from 50 to 75 kV. It is not difficult for us to understand this trend, as more jets are pulled out from the free surface when the applied voltage increases; therefore, the productivity of nanofiber will increase greatly. The formation of multiple jets is the main reason for high-throughput nanofiber, which can be attributed to electrohydrodynamic instabilities of the free liquid surface under the condition of certain applied voltage. Lukas et al. 34 investigated the self-organization of jets in electrospinning from the free liquid surface. The formula of the wavelength was derived based on a complex quantity and the Euler equation; the wavelength can be expressed as
where is surface tension, " is the vacuum dielectric constant, E 0 is electric field strength, is the density of solution and g is gravitation acceleration. It is obvious that the wavelength of the interjet depends on variable quantities, including surface tension, density and electric field strength. As to the specific polymer solution, both surface tension and density are fixed values; it is important for us to consider electric field strength, which can control the wavelength of the interjet through changing applied voltage. There is no doubt that surface tension also affects the wavelength. Reduction of surface tension means a lower wavelength, which makes it is easy to form multiple jets. We can change surface tension to control the number of filaments by adding a surface active agent into the polymer solution. In addition, a higher electrospinning voltage can decrease the wavelength to form more spinning points. During free liquid surface electrospinning, when the applied voltage increases to a certain value, the original calm free liquid surface becomes unstable and the electric field force overcomes surface tension and viscous drag, which leads to the formation of many spinning points at the edge of the spinneret.
The jet formation will depend on the electric potential of spinning points. In our experiment, the highest applied voltage represents the highest electric field strength, based on equation (1); under the condition of higher applied voltage, the movement speed of the jet increases quickly and the small wavelength can be obtained. Furthermore, the smaller wavelength means the formation of multiple jets, and high-throughput nanofiber can be prepared in the higher applied voltage. It is easy for us to control the number of jets by adjusting the applied voltage.
As to the effect of applied voltage on diameter, the measurement result shows that diameter has a peak when the applied voltage is 60 kV, and then declines afterwards. We think that viscous drag plays a significant role in the period of nanofiber formation, and more solution is taken out when applied voltage increases. However, when the applied voltage exceeds 60 kV, electric force plays an important role in the process of electrospinning, which generates a stretch effect on the formation of nanofiber, leading to slender nanofiber. Furthermore, it is obvious that there is a narrow diameter distribution of nanofiber, which is between 130 and 180 nm. The standard deviation of average diameter is between about 30 and 40. The thickest diameter of nanofiber is 177.38 AE 33.63 nm when the applied voltage is 60 kV.
Effect of collection distance on morphology, diameter and productivity
The effect of collection distance on the morphology, diameter and productivity of nanofiber has been investigated in detail. Figures 7(a) -(c) and 6(b) give us some information about the morphology, productivity and diameter of nanofiber with different collection distances, respectively. The process parameters of electrospinning are solution concentration of 10 wt% and applied voltage of 65 kV. We can see that the diameter of nanofiber becomes finer when the collection distance increases. The average diameters of nanofiber are 166.23 AE 70.67, 161.96 AE 30.89 and 126.31 AE 31.69 for electrospinning from 15, 17.5 and 20 cm collection distances, respectively. The standard deviation of average diameter is about 70.67 when the collection distance is 15 cm, which was attributed to electric force; on the one hand, a small collection distance leads to higher electric force, which can pull out more polymer solution and, in this way, thicker nanofiber can be formed; on the other hand, higher electric force can make the nanofiber become finer. Based on the combination of impacts, the standard deviation of the average diameter is higher than for the other two collection distances. The productivity of nanofiber is from 2.4 to 1.3 g/h when the collection distance is between 15 and 20 cm. The productivity of nanofiber decreases dramatically when the collection distance increases to 20 cm. It is not difficult to understand that mass nanofiber may thin out in the air. The collector does not get more nanofiber.
Conclusions
A novel metal dish spinneret is used to prepare nanofiber through needleless electrospinning. Electromagnetic finite element software is used to simulate electric field strength and the electric potential profile about the spinneret. The effects of solution concentration, applied voltage and collection distance on the morphology and productivity diameter have been investigated. The result shows that the highest electric field strength value is along a circle of the metal dish spinneret. When the solution concentration is 8 wt%, it is easy for the nanofiber to form bead-shaped fiber, and the same situation occurs at the applied voltage of 50 kV. The diameter of nanofiber decreases when the applied voltage and collection distance increases; however, there is a reversed trend for solution concentration. It is a notable phenomenon that the average diameter of nanofiber is below 240 nm, and there is a narrow distribution trend for nanofiber by using the metal dish spinneret in needleless electrospinning. The productivity of nanofiber increases when the solution concentration and applied voltage increases. On the contrary, the productivity of nanofiber decreases when the collection distance increases. We will further study the formation mechanism of narrow distribution of nanofiber for needleless electrospinning in further work.
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